INTRODUCTION
============

DNA double-strand breaks (DSBs) can be caused by endogenous or exogenous DNA-damaging agents. Unrepaired DSBs can be lethal, whereas misrepaired DSBs can cause chromosomal fragmentation, translocations and deletions. The resulting genome instability is a common precursor to carcinogenesis and therefore, effective repair of DSBs is of great importance ([@B1]). DSB repair involves several processes including recognition of DNA breaks, activation of cell-cycle checkpoints and eventual restoration of intact chromosomes. In eukaryotic cells DSB repair can occur by one of two distinct mechanisms: nonhomologous end-joining (NHEJ) and homologous recombination (HR) ([@B2; @B3; @B4]). The RAD50/MRE11/NBS1 (RMN) protein complex is a required component during the early steps of HR ([@B5],[@B6]). The essential role of RMN is underscored by the fact that null mutations in genes encoding any of the three subunits are embryonic lethal in mice ([@B7; @B8; @B9]). Similarly, both budding and fission yeast cells deleted for RMN subunits have severe DNA-damage sensitivity phenotypes ([@B10; @B11; @B12]). In humans, hypomorphic mutations in the genes encoding RMN components cause genetic disorders characterized by marked cancer predisposition. The NBS1 gene gets its name from the human autosomal recessive disorder Nijmegen Breakage syndrome (NBS) ([@B13]). Mutations in MRE11 cause ataxia-telangiectasia-like disorder (ATLD), constituting a subset of the phenotype of patients with NBS ([@B14]).

The RMN complex has a striking architecture that is crucial for its function ([@B15]). The well-defined RM complex is a heterotetrameric assembly of two RAD50 and two MRE11 molecules (R~2~M~2~) ([@B16]). The RAD50 amino acid sequence has a long region predicted to form a coiled-coil domain separating the Walker A- and B-amino-acid motifs of an ATPase domain. The RAD50 polypeptide folds back on itself forming a 50-nm coiled coil, which juxtaposes the N- and C-termini to constitute a functional ATP binding and hydrolysing head ([@B15; @B16; @B17; @B18]). The role of ATP binding and hydrolysis in RM function has not been entirely defined. The distinct 50-nm-long coiled coil is a notably flexible structure ([@B19]). The coiled-coil apex consists of a pair of cysteine residues that can coordinate a Zn ion and pair with two analogous cysteines from another RAD50 apex ([@B18],[@B20],[@B21]). In the complex, MRE11 interacts with itself and with the RAD50 coiled coils near the connection to the ATPase domain, forming a stable heterotetramer ([@B16],[@B18]). Several DNA-processing activities of MRE11 have been demonstrated *in vitro* including: DNA binding, DNA annealing, Mn^2+^-dependent 3′ to 5′ dsDNA exonuclease, ssDNA endonuclease and DNA duplex unwinding ([@B11],[@B22; @B23; @B24; @B25; @B26; @B27; @B28; @B29]). In some *in vitro* situations these activities are influenced by association with RAD50 and NBS1 ([@B11],[@B22; @B23; @B24; @B25]). Recently, MRE11 has been shown to be crucial for initiation and coordination of DNA end-processing during DSB repair ([@B30; @B31; @B32; @B33; @B34]). MRE11 is also expected to be crucial for NBS1 association with the complex, based on a reduced association of NBS1 in the presence of an MRE11 allele associated with ATLD (ATLD¾) ([@B35]), and the purification of a stable complex containing only MRE11 and NBS1 ([@B14]).

NBS1 is involved in signalling the presence of DNA damage to effect a cell-cycle checkpoint ([@B2],[@B11],[@B36; @B37; @B38]). DSB-repair-associated cell-cycle signalling occurs through NBS1 mediated activation of the ATM kinase ([@B39],[@B40]). ATM activation is currently thought to involve interaction with NBS1 ([@B41],[@B42]) in the RMN complex bound to DNA at the site of breaks. This interaction is proposed to cause dissociation of inactive ATM dimers, creating kinase active ATM monomers ([@B38],[@B40]). Activated ATM effects on the cell cycle and DNA-damage response occur though phosphorylation of downstream target proteins ([@B43]). However, the architectural arrangement of protein components that contribute to these NBS1-specific functions has not been determined.

The diverse functions of RMN in DSB repair all involve interaction with DNA, and depend on the specific architecture of this protein complex. DNA is bound by the globular domains that include the RAD50 ATPase active site and MRE11, whereas the RAD50 coiled coils protrude away from DNA ([@B15]). On linear double-stranded (ds) DNA, this results in the accumulation of large RMN oligomers that tether DNA molecules via interaction of the RMN coiled coils ([@B15],[@B18],[@B20],[@B44]). DNA is an allosteric effector of the RMN complex as binding DNA at the globular domain induces an ATP-independent reorientation of the RAD50 coiled coils to become parallel to one another ([@B45]). This latter orientation disables intracomplex association of the coiled-coil apexes, and thus stimulates the intercomplex interactions needed for DNA tethering. These observations all imply an important role for RMN in DSB repair organizing broken DNA strands. The above observations suggest that MRE11 has a crucial role in this process being a central element of the complex involved in protein architecture and of protein--DNA interaction ([@B46]). However, Mre11 was not present in Rad50 originally purified from *Saccharomyces cerevisiae*, which nevertheless appears to be a dimeric protein and also binds DNA ([@B47]). The reduced levels of NBS1 in purified RAD50/MRE11-(ATLD¾)/NBS1 preparations are presumably due to altered MRE11--NBS1 interaction. This observation does not exclude the presence of additional NBS1 interaction sites on RAD50.

Here, we show the successful expression and purification of a complex containing only RAD50 and NBS1. Scanning force microscopy (SFM) analysis of purified RN preparations showed that RN, like RM and RMN, formed dimers as well as higher-order multimers. SFM-based volume analysis of different (RAD50)~2~ complexes further identified RN and RMN to be mixtures of at least two different species with different stoichiometry, the main fractions nicely fitting an R~2~N~2~ (RN) and R~2~M~2~N~2~ (RMN) stoichiometry. In addition, we observed that RN is more active in DNA-binding and -tethering assays than RM and RMN.

MATERIALS AND METHODS
=====================

Protein expression and purification
-----------------------------------

Human RM, RMN and RN preparations were produced by co-infection of Sf21 cells (7500 cm^2^) in adherent culture with baculoviruses expressing C-terminally 6-histidine tagged RAD50, untagged MRE11 (RM and RMN) and untagged NBS1 (RMN and RN) at an MOI of ∼10 (constructs for viruses were a generous gift from T. Paull and M. Gellert). Cells were harvested after 72 h. The purification procedure was based on a method described previously ([@B48]). Briefly, infected cells were collected, washed three times in PBS and frozen in liquid nitrogen. Cells were thawed and re-suspended in 40-ml cold buffer A (50 mM KH~2~PO~4~, pH 7.0, 0.5 M NaCl, 0.5% Tween 20, 10% glycerol, 20 mM β-mercaptoethanol, 10% glycerol) containing 5 mM imidazole and 1 mM Pefablock (Merck). Then, the cells were disrupted by 30 strokes of a type B pestle in a Dounce homogenizer. After 1 h of centrifugation at 100 000 *g*, the soluble fraction was loaded on a 3-ml Ni^2+^-NTA agarose column (Qiagen), equilibrated in buffer A containing 5 mM imidazole. The column was washed with 10 vol. of the same buffer and then with 10 vol. of buffer A containing 40 mM imidazole. Bound proteins were eluted in buffer A containing 125 mM imidazole. RAD50 containing fractions were pooled and dialysed against buffer B (20 mM Tris--HCl, pH 8.0, 100 mM NaCl, 10% glycerol, 1 mM DTT). This preparation was loaded on a 1-ml Resource Q column (GE Healthcare) equilibrated in buffer B. After washing the column with 10 column volumes, the proteins were eluted by a 10-ml linear salt gradient from 100 mM to 800 mM NaCl. After addition of Tween 20 (0.1% final concentration), the pooled fractions were loaded on a Superdex 200 size-exclusion column (GE Healthcare) that was equilibrated in buffer B containing 0.1% Tween 20. (For purification of RMN and RN, buffer B containing 500 mM NaCl was used.) RAD50 complex containing fractions were pooled, aliquoted and frozen in liquid nitrogen. Immuno-blotting of RAD50, MRE11 and NBS1 was performed with antibodies MS-RAD10 (GeneTex), PC388 (Oncogene) and sc-8580 (Santa Cruz) respectively, on nitrocellulose transfer membrane (Whatman) using standard immuno-blotting techniques. Protein concentrations were determined by the Bradford method, using BSA as a standard ([@B49]).

SFM analysis
------------

### RAD50 stoichiometry

Protein preparations were diluted in protein buffer (20 mM Tris--HCl, pH 8.0, 100 mM NaCl, 10% glycerol, 1 mM DTT, 0.1% Tween 20). Five to 15 ng of protein was deposited on freshly cleaved mica. After ∼1 min the mica was rinsed with glass-distilled water (Sigma) and dried with filtered air. Samples were imaged in air at room temperature and humidity by tapping mode SFM using a Nanoscope IV (Digital Instruments). Silicon Nanotips were from Digital Instruments (Nanoprobes). Images were collected at 1 μm × 1 μm, and processed only by flattening to remove background slope. RAD50 stoichiometry was determined by counting the number of 50-nm long coiled coils of individual RAD50 complexes. Relative occurrence of different conformations was determined for all three protein preparations (RM, RMN and RN) from 400--600 individual complexes each.

### SFM-based volume analysis

The volume of the globular part of complexes from the three protein preparations was derived from images obtained as described above, but here, only dimeric RAD50 complexes (two coiled coils) were selected. Such dimeric complexes were used for volume analysis of their globular part. Volume analysis was also performed on whole dimeric RM complexes (globular part + coiled coils). Volume determination was performed on images imported into IMAGE SXM 1.69 (National Institutes of Health IMAGE version modified by Steve Barrett, Surface Science Research Centre, University of Liverpool, Liverpool, UK). The average height and area of a manually defined object was used to calculate a volume in arbitrary pixel units. The average volume of three adjacent background regions was then subtracted to determine the volume ([@B50]). As RM has a known R~2~M~2~ stoichiometry ([@B16],[@B35]), the volume of this complex was assumed to represent R~2~M~2~, which was used as a basis for the calculation of mass and stoichiometry of the other RAD50 complexes. For each protein preparation between 258 and 318 complexes were analysed, and from these data, a Gaussian distribution was calculated using Origin software (OriginLab Corporation, USA). As an internal control, the mass of RM was also determined as described before ([@B51]) via comparison of the measured volume for RM with the volume that was determined for the Ku70/80 heterodimer, which has a known mass of 155 kDa.

### DNA tethering reactions

EcoRV linearized pBluescript plasmid was incubated at 1.5 nM with 36 nM RAD50 complex (expressed with respect to RAD50) in binding buffer (20 mM Tris--HCl, pH 8.0, 100 mM NaCl, 10% glycerol, 0.1% Tween 20) for 15 min at 25°C in a volume of 80 μl. Reactions were diluted 8-fold in deposition buffer (10 mM HEPES-KOH, pH 8.0, 10 mM MgCl~2~), deposited and imaged by SFM as described above. DNA tethering was quantified by determining the number of DNA tethers, the volume of each tether, the number of free DNA molecules and the number of DNA molecules involved in tethering from 32 images (8 μm × 8 μm) for each protein preparation. To determine the number of DNA molecules that were tethered, each DNA molecule coming out of a tether that was visible for more than 50% was counted as one whereas shorter pieces were counted as 0.5.

Electrophoretic mobility shift assays (EMSAs)
---------------------------------------------

Aliquots of dsDNA~66~ (5′-AF 532-AGA AAC TGG GCA TGT GGA GAC AGA GAA GAC TCT TGG GTT TCT GAT AGG CAC TGA CTC TCT CTG CCT-3′ annealed to its complementary oligo 5′-AGG CAG AGA GAG TCA GTG CCT ATC AGA AAC CCA AGA GTC TTC TCT GTC TCC ACA TGC CCA GTT TCT-3′ from Eurogentec S.A.) labelled with Alexa Fluor at the 5′ end of the upper strand (1 nM) were incubated with the indicated amounts of protein complex in binding buffer (5% glycerol, 25 mM Tris--HCl, pH 7.5, 100 mM KCl, 5 mM MgCl~2~, 1 mM DTT and 2% PEG-6000) for 20 min at 25°C, in a final volume of 20 μl. The reactions products were separated on a 5% non-denaturing polyacrylamide gel running in 0.5× TBE buffer at 4°C. The labelled DNA was visualized by direct scanning of the wet gel with a 532-nm laser using an image analyser (Typhoon 9200). The emission signal was sorted with a 555BP20-nm filter. Quantification of the data was performed with ImageQuant 5.2 software. To check the protein preparations for contaminant nuclease activity, protein (125 ng) was also incubated with DNA (1 nM) as described above and then subjected to an additional incubation at 37°C in the presence or absence of proteinase K (1 mg/ml). Separation and analysis of complexes formed was performed as described above.

RESULTS
=======

During purification of RMN, some preparations included fractions containing mainly RAD50 and NBS1 ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkn1072/DC1)). Thus, we pursued the possibility that RAD50 and NBS1 might form a stable complex. Native polyacrylamide gel electrophoresis (PAGE) analysis of such RAD50 and NBS1 containing fractions confirmed that both proteins were indeed part of the same RAD50/NBS1 complex ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gkn1072/DC1)). To see if an RN complex could also be formed in the absence of MRE11, we expressed RN in Sf21 cells that were co-infected with only the baculoviruses expressing C-terminally 6-histidine tagged RAD50, and untagged NBS1. Indeed, we successfully purified RN, showing that in addition to RM and RMN, RN is also a stable protein complex that can be individually expressed and purified ([Figure 1](#F1){ref-type="fig"}A). Immuno-blotting analysis confirmed the unambiguous identity of RAD50, MRE11 and NBS1, as expected in the three purified complexes ([Figure 1](#F1){ref-type="fig"}B). Figure 1.(**A**) Coomassie stained SDS-PAGE gel of purified protein preparations. Lane 1, molecular size marker (m; molecular mass indicated in kilo Dalton); lane 2, RAD50/MRE11 complex (RM); lane 3, RAD50/MRE11/NBS1 complex (RMN); lane 4, RAD50/NBS1 complex (RN). (**B**) Immuno-blotting analysis of purified proteins. Blots containing purified RM, RMN and RN preparations were probed with antibodies directed against RAD50, MRE11 and NBS1, as indicated.

SFM imaging showed that RN looks very similar to RM and RMN with a clear globular domain from which about 50-nm-long coiled coils protrude ([Figure 2](#F2){ref-type="fig"}). Furthermore, RN as well as RM and RMN were all inhomogeneous mixtures of complexes with different amounts of RAD50. By counting the number of coiled coils of individual complexes, they were classified as monomeric, dimeric or multimeric with respect to RAD50. The distribution of complexes with these RAD50 stoichiometries differed among the RMN, RM and RN protein preparations ([Table 1](#T1){ref-type="table"}). For all three preparations, between 11 and 15% of the complexes were monomeric. For RM, the majority of remaining complexes was dimeric (86%). For RMN, on the other hand, dimeric and multimeric complexes were almost equally prevalent, while for RN, the multimeric form was most common. More than 95% of the multimers observed for all preparations was formed via interaction of the globular domains. The above data suggest that the presence of NBS1 as a part of the complex stimulates multimerization via interaction of the globular domains, whereas the presence of MRE11 reduces multimerization. Figure 2.SFM analysis of RM (**A**), RMN (**B**) and RN preparations (**C**). Purified protein was deposited on mica and imaged by tapping mode SFM at 1 μm × 1 μm scale in air (left panels). The scale bars are 100 nm. The colour bars represent the height from 0 to 3 nm (brown to pink). The right panels are examples of individual complexes enlarged and presented as surface plots (0.105 μm × 0.105 μm scale) in which RAD50 has a monomeric (I), dimeric (II) or multimeric (III) stoichiometry. Table 1.Distribution of RAD50 stoichiometry on the different purified protein preparations![](gkn1072i1.jpg)

A heterotetrameric (R~2~M~2~) complex is formed by the archaeal homolog and this stoichiometry is assumed to be general ([@B16]). Although the above data clearly show the presence of monomeric and multimeric RM complexes, the dimeric RAD50 complex is indeed the most abundant form. In contrast to RM, the stoichiometry of RMN and the newly purified RN complex are not well characterized. We estimated the stoichiometry of RN and RMN, by SFM-based volume analysis on the different protein preparations. Dimeric RAD50 complexes were selected from SFM images of the different purified protein preparations. Such dimeric complexes were used to determine the volume of their globular part. The volume distributions were plotted in histograms and Gaussian distributions were calculated ([Figure 3](#F3){ref-type="fig"}). Volume analysis was also performed on whole dimeric complexes (globular part + coiled coils) to determine the volume of the coiled coils separately, and thus also the volume of the dimeric complexes as a whole. As RM has a known R~2~M~2~ stoichiometry ([@B16],[@B35]), the measured volume for RM (globular part + coiled coils) was assumed to represent R~2~M~2~ and was used as a basis for calculating the mass and stoichiometry of the other RAD50 complexes ([Table 2](#T2){ref-type="table"}). To check this assumption, the molecular mass of RM was also calculated by performing a volume determination on the Ku70/80 heterodimer with a known mass of 155 kDa ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkn1072/DC1)). By multiplying the measured number of Ku70/80 equivalents for RM with the size of the Ku70/80 protein, the molecular weight of RM was determined to be 444 kDa, which is close to the 473 kDa as determined by its amino acid sequence, assuming an R~2~M~2~ stoichiometry. Figure 3.The volume distributions of the globular part for RM (**A**), RMN (**B**) and RN (**C**) are presented in histograms. Purified protein was deposited on mica and imaged by tapping mode SFM at 1 μm × 1 μm scale in air. From such images isolated dimeric RAD50 complexes were selected for volume determination of the globular part. The *x*-axis is the relative molecular volume obtained from the SFM data, the *y*-axis is the number of protein molecules in each peak. A Gaussian distribution was calculated for the data and is displayed as a solid black line. The average volumes estimated from the Gaussian distributions are shown above each peak. Table 2.Estimated mass of different RAD50 complexes measured by SFM-based volume analysisProtein/FractionSFM-based volumeMassStoichiometry[^a^](#TF1){ref-type="table-fn"}RM379 ± 9[^b^](#TF2){ref-type="table-fn"}473[^a^](#TF1){ref-type="table-fn"}R~2~M~2~[^a^](#TF1){ref-type="table-fn"}RMN (low MW fraction)469 ± 18586 ± 22R~2~(M+N)~n~, *n* = 1.65 ± 0.14RMN (high MW fraction)635 ± 28794 ± 34R~2~(M+N)~n~, *n* = 2.91 ± 0.21RN (low MW fraction)382 ± 10477 ± 13R~2~N~n~, *n* = 1.95 ± 0.16RN (high MW fraction)507 ± 13633 ± 17R~2~N~n~, *n* = 3.79 ± 0.20[^1][^2]

The distribution of volumes for RMN and RN were best fit by two Gaussians, indicating that both preparations contain two components, low and high molecular weight ([Figure 3](#F3){ref-type="fig"}B and C). For RN, the more prevalent, low-molecular-weight complex correlated with an R~2~N~2~ stoichiometry (R~2~N~n~; *n* = 1.95 ± 0.16) while the less abundant high-molecular-weight complex nicely fits a R~2~N~4~ stoichiometry (R~2~N~n~; *n* = 3.79 ± 0.20). For RMN, the determined volume of the low-molecular-weight species corresponds to a molecular mass of 586 ± 22 kDa. This fits a stoichiometry of R~2~(M+N)~n~ with *n* being 1.65 ± 0.14. For the high-molecular-weight species this mass is 794 ± 34 kDa correlating with a stoichiometry of R~2~(M+N)~n~ with *n* being 2.91 ± 0.21. Within this method, we are not able to discriminate between MRE11 and NBS1. However, if we assume MRE11 to be present as a dimer in both complexes, the calculated NBS1 stoichiometry in both complexes becomes 1.32 ± 0.26 for the low-molecular-weight complex and 3.77 ± 0.41 for the high-molecular-weight complex.

Due to its ability to form dimers and to interact with both RAD50 and NBS1, MRE11 is considered to be crucial in the formation of stable RMN complexes ([@B46]). Here, we see that RN also forms a stable dimeric protein complex with an architecture similar to RM and RMN. As MRE11 is able to bind DNA by itself, it is also considered to be an important factor in the DNA-binding and -tethering activities of RMN. To address the role of MRE11 in DNA binding, we performed EMSAs for the different purified preparations in the presence of linear dsDNA using non-denaturing PAGE ([Figure 4](#F4){ref-type="fig"}). The DNA-binding affinity for each complex was determined via quantification of the remaining free DNA after incubation with increasing concentrations of protein complex. Disappearance of the free DNA was not due to contaminant nuclease activity, as for all preparations, treatment with proteinase K led to reappearance of the unbound DNA ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkn1072/DC1)). Surprisingly, we observed that RN is more active in DNA binding than RM and RMN. The amount of RAD50 protein complex needed for binding 50% of the DNA was 58, 32 and 8 ng, corresponding to 6.1, 2.5 and 0.8 nM for RM (R~2~M~2~), RMN (R~2~M~2~N~2~) and RN (R~2~N~2~), respectively, at 1 nM of DNA. This means that the presence of MRE11 modulates DNA-binding activity of RAD50 containing complexes negatively, whereas NBS1 stimulates this activity. Figure 4.DNA binding by RM, RMN and RN. (**A**) Alexa Fluor 532 labeled dsDNA66 (1 nM), was incubated with RM (37, 75, 125, 250, 500 and 1000 ng), RMN (idem) or RN (2.3, 4.5, 9, 18, 37, 75, 125 and 250 ng) for 20 min at 25°C in a final volume of 20 μl. Complexes formed were separated by 5% non-denaturing PAGE and visualized by fluorescence scanning. FD, free DNA. (**B**) Free DNA was quantified and plotted against the amounts of protein added.

We also tested the importance of MRE11 for the DNA-tethering activity of RAD50 complexes by SFM imaging. We incubated the protein with 3-kb linear DNA and deposited it for SFM imaging, where tethering is defined as association of DNA molecules via interaction between bound RAD50 complex multimers. RM and RMN have previously been shown to possess DNA-tethering activity ([@B15],[@B18],[@B20],[@B44]), which we also observe here ([Figure 5](#F5){ref-type="fig"}A and B). In addition, we also observed that RN is fully functional in DNA-tethering activity ([Figure 5](#F5){ref-type="fig"}C). The RN preparation appeared more active in DNA tethering based on three different quantifications from the SFM images: (i) a higher ratio of tethered complexes to free DNA (RN = 1:9.4, RM = 1:21.7 and RMN = 1:17.2), (ii) larger average volume of tethered complexes (RN = 254 000 nm^3^, RM = 133 000 nm^3^ and RMN = 157 000 nm^3^) and (iii) higher percentage of DNA in tethered complexes (RN = 30%, RM = 16% and RMN = 20%). Together, this shows that RAD50 and NBS1 can form a stable complex that maintains its characteristic architecture and that is fully functional in the DNA-binding and the DNA-tethering assays. Figure 5.DNA tethering by RM (**A**), RMN (**B**) and RN (**C**). Reaction mixtures containing 15 nM of 3.0-kb linear DNA fragment and 25 nM of purified protein were deposited on mica and imaged by tapping mode SFM. The scale bars are 200 nm. Colour represents height from 0 to 3 nm (brown to pink), as shown by the inserts. DNA tethers (triangle), free DNA molecules (star) and DNA molecules involved in DNA tethering (circle) were all quantified as described in 'Materials and Methods' section.

DISCUSSION
==========

It is generally accepted that RMN plays an essential role in the early steps of DSB repair. The multiple roles that RMN may have during this process are, however, not yet all clearly defined. Several lines of evidence indicate that one important role for RMN in DSB repair is to link broken DNA ends. Due to its DNA-binding activity and ability to bind RAD50 and NBS1, MRE11 is considered as the central element of the complex involved in protein--protein and protein--DNA interaction. The ability of MRE11 to homodimerize is considered crucial for formation of a functional dimeric RMN complex ([@B30]).

Here, we show that, in addition to RM and RMN, RN is also a stable protein complex with a similar molecular architecture. This shows that RAD50 is able to directly interact with NBS1. Previous data suggested that NBS1 binding to the complex is linked to MRE11 ([@B14],[@B35]). However, the presence of NBS1 interaction sites on RAD50 cannot be excluded. It is even possible that MRE11 and NBS1 compete for binding in the complex, or that RAD50 and MRE11 both contribute to NBS1 interaction. The latter would also explain the reduced yield of protein upon purifying RN compared to MRE11-containing complexes ([Figure 1](#F1){ref-type="fig"}A).

We show that a protein complex with dimeric RAD50 does not depend on the presence of MRE11. This is in line with the observation that purified Rad50 from *S. cerevisiae* was a dimeric protein by itself ([@B47]). In our SFM assay mulitimerization of the protein complex is an important aspect of DNA tethering. In that respect, it is interesting to see that the presence of NBS1 stimulates multimerization, whereas the presence of MRE11 seems to inhibit such globular domain interactions.

A previous sedimentation equilibrium analysis of RMN failed to assign a clear stoichiometry for the components and suggested that this complex may exist as a mixture with different stoichiometries ([@B35]). Indeed, our SFM-based single-particle volume analysis shows that both RMN and RN are mixtures of at least two complexes with different stoichiometry. For RN, the low- and high-molecular-weight complexes nicely correlate with an R~2~N~2~ and R~2~N~4~ stoichiometry. For RMN, we cannot discriminate between MRE11 and NBS1, but assuming that MRE11 is present in both complexes as a dimer, the calculated stoichiometry for the two RMN species is R~2~M~2~N~n~ with n being 1.32 for the low-molecular-weight species, and *n* being 3.77 for the high-molecular-weight species. The existence of the latter complex is in line with the relative intensity of Coomassie staining bands on denaturing polyacrylamide gels of purified RMN preparations, where the NBS1 band is up to 1.5 times more intense than the MRE11 band ([Figure1](#F1){ref-type="fig"}A).

Because MRE11 binds DNA by itself, it is also considered centrally important for the DNA-binding and -tethering activity of RMN. Here we see that this is not the case. The RN complex is more active than RMN in both DNA-binding and -tethering activity. Surprisingly, RM appeared to be the least active in DNA binding and tethering. The increased activity for RN in DNA tethering could reflect the increased affinity to bind DNA as well as the preference of RN to form the oligomeric protein complexes required for DNA tethering ([@B15]).

These data present a new picture of the RMN complex. Biochemically functional complexes exist with a variety of subunit stoichiometries but all with the same striking architecture. The different components appear to modulate protein oligomerization. This raises the possibility that RAD50 participates in a variety of complexes where dynamic interchange of component parts may modulate biological function. An example of such behaviour is observed at human telomeres where RAD50 and MRE11 are present during interphase, whereas NBS1 is only present during S-phase, and not in G1 or G2 ([@B52]). Here, the transient recruitment of NBS1 in S-phase is hypothesized to play a role in telomere replication as addition of NBS1 to RM potentiates activities that could play an important role in the opening of the t-loop facilitating progression of DNA replication to the end of the chromosome. Although MRE11 is clearly an essential protein, it may not contribute to all functions attributed to RMN. For instance, during HR-mediated DSB repair, there might be times where DNA tethering is required but where the nuclease activity contributed by MRE11 is not. The specific role of the different RMN components in biochemical functions can now be addressed.
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###### \[Supplementary Data\]

[^1]: ^a^RM with its known R~2~M~2~ stoichiometry is used as a basis for the calculation of mass and stoichiomctry of the other RAD50 complexes. Molecular weight of each polypeptide including C-terminal histidine tag on RAD50 (kDa): RAD50, 155.70; MRE11, 81.03; NBS1, 84.91.

[^2]: ^b^Determined volumes and masses are represented by the mean ± SE.
